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using tertiles (see Materials and Methods). Next, we calculated species 
representation and protected area coverage in the low-, medium-, 
and high-threat intensity grid cells.

We conducted additional spatial conservation planning analyses 
to see if avoidance of threat and poor governance would be possible 
without compromising the biodiversity values of the global top 20% 
highest conservation priority grid cells for species threatened by un-
sustainable harvesting. We accounted for socioeconomic factors in 
spatial conservation planning, seeking to minimize conflicts while 
maintaining same species representation. Specifically, we sought to 
identify a new set of centers of species threatened by unsustainable 
harvesting, where (i) threat intensity was lower and threat revers-
ibility, therefore, is potentially higher and (ii) in countries where the 
capacity to implement the rule of law (e.g., protected area establish-
ment, effective protected area management, and controls on harvest-
ing and trade) would potentially be greater.

RESULTS
On land, our results show that 43% of the global top 20% highest 
centers of species threatened by unsustainable harvesting are found 
in highly accessible terrestrial and freshwater systems (correspond-
ing to 4.3% of all terrestrial land; red areas in Fig. 1). These cells occur 
across all continents but are overwhelmingly concentrated in Asia 
and North and South America (Fig. 1 and fig. S3). Compared to previ-
ous assessments, such as the global biodiversity hotspots (24), we 
identify new regions as centers of unsustainably harvested terrestri-
al and freshwater species in China, South Asia, the Amazon basin, 
North America, and southern Africa. At sea, 30% of the areas hold-
ing the greatest complements of species threatened by unsustainable 
harvesting are found in marine areas with the highest levels of fish-
eries catch (corresponding to 6.1% of all sea; red areas in Fig. 1). These 
cells are most concentrated not only in Asian seas but also in regions 
not recognized by previous studies [e.g., (25)], such as in the Eastern 
coast of the United States and Brazil; in the Gulf of Guinea; in the 
Arabian Sea; and in the North, Norwegian, and Mediterranean seas 
(Fig. 1 and fig. S3). The distribution of these overlaps, both on land 

and at sea, varies little between taxonomic groups (fig. S4). Howev-
er, there are geographical differences between top priority areas un-
der each type of unsustainable harvesting (fig. S5), even if there is 
high overlap between top priority areas for terrestrial species threat-
ened by hunting and collection and top priority areas for species 
threatened by logging and wood harvesting (table S1). Our results 
are stable at different spatial analysis resolutions for cell sizes of 0.1°, 
0.2°, 0.5°, and 1° (fig. S6). Furthermore, the identified areas are those 
where the species are most likely harvested, considering that the spe-
cies included in the analysis mostly have small ranges (fig. S7).

Overall, 82% of all species threatened by unsustainable harvest-
ing occur in areas of high intensity of threat (red in Fig. 1), which 
together contain a median of ~50% of their ranges (marine species: 
53%; terrestrial and freshwater species: 46%; table S2). In contrast, 
locations of low-threat intensity contain only a median of 13.5% of 
the ranges of all species threatened by unsustainable harvesting (marine 
species: 13%; terrestrial and freshwater species: 14%). Worryingly, 
high-threat intensity areas contain a median of 80% (interquartile 
range of 35 to 100%) of the ranges of Critically Endangered species, 
which, by definition, face the highest risk of extinction (Fig. 2A). At 
the taxonomic level, these overlapping areas contain a median of more 
than 50% of the ranges of plants, reptiles, amphibians, invertebrates, 
and cartilaginous fishes (Fig. 2B). However, only 6% of these marine 
areas and 16% of these terrestrial areas are covered by protected 
areas (fig. S8).

Looking at the species representation in Fig. 3, it becomes appar-
ent that there is minimal scope for guiding conservation efforts away 
from threats and poor governance. Attempting to do so would markedly 
compromise the performance of conservation plans: The reason is 
that large fractions of the ranges of most of the species threatened 
by unsustainable harvesting occur where threat is high. Species rep-
resentation would decrease substantially were conservation efforts 
directed toward regions where threat intensity is lower (37% lower 
representation for marine species and 20% lower for terrestrial and 
freshwater species) or in countries where the capacity to implement 
the rule of law is greater (60% lower representation for marine spe-
cies and 26% lower for terrestrial and freshwater species) (Fig. 3). 

Fig. 1. Vulnerability of global conservation priority areas to unsustainable commercial harvesting. Different colors correspond to high (red, 33% upper tertile), 
medium (green, 33% medium tertile), and low (blue, 33% lower tertile) intensity of unsustainable commercial harvesting. Different hues correspond to different priorities 
for the conservation of species threatened by unsustainable commercial harvesting (top 5, 10, and 20% of the landscape or seascape).
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For marine species, the top 20% centers of species threatened by 
unsustainable harvest cover as high a proportion of the species’ 
respective ranges as the remaining 80% of the seascape (Fig. 3). Sim-
ilarly, for terrestrial species, the top 20% of these centers cover as 
much species ranges as the next 20 to 74% of the world (Fig. 3).

DISCUSSION
As with other global analyses (26, 27), there are a number of caveats 
to our work. The species range maps used in the analysis represent 
coarse-resolution distributional boundaries of species, not fine- 
resolution area of habitat. While our results were consistent across a 
range of spatial resolutions, they are, nonetheless, too coarse to inform 
on-the-ground planning of actions across specific locations of land 
and water management. Although market accessibility and fishing 
catch are imperfect proxies for harvesting pressure, the areas iden-
tified in this study are congruent with previous regional conservation 
assessments (28–32). Because direct information on the local demand 
for all species is currently missing, future studies should also assess 
relationships between demand and supply for all species to better ac-
count for the intensity of unsustainable harvesting. When additional 
taxonomic groups become assessed and mapped for the IUCN Red 
List, they should be added to future updates of this assessment. 
Nevertheless, the present set of species represents an extensive set of 
higher taxa.

Enhancing the survival of species threatened by unsustainable 
harvesting will be challenging, as they are concentrated in areas where 
harvesting intensity is the highest and governance and political sta-
bility are the lowest (Figs. 1 and 3). Even so, our results highlight the 
necessity of prioritizing conservation efforts in these areas, as this is 
where Critically Endangered species are largely concentrated. Pro-
tected areas are an essential part of the solution to tackling unsus-
tainable exploitation, if they are effectively managed (33), including 

private and community-based approaches. Strict species and site 
protection, for example, play a crucial role in enhancing future per-
sistence of species of high commercial value (4, 5). However, as our 
results show, the areas at highest risk are currently poorly covered 
by protected areas. Hence, complementary conservation strategies 
are also needed, including (i) reducing consumer demand where ap-
propriate (34) and promoting sustainable resource use both global-
ly and locally (35); (ii) enhancing legislation and better enforcement 
of laws to control harvest levels, bycatch, and indirect impacts; and 
(iii) strengthening compliance with trade regulation, both domesti-
cally and internationally, including through the Convention on In-
ternational Trade in Endangered Species of Wild Fauna and Flora 
(CITES). Underpinning all of these, improved monitoring is needed 
of both the intensity of pressure from different forms of unsustain-
able exploitation (e.g., intensity of legal and illegal killing and bycatch 
levels) (11) and the abundance, distribution, and trends of the species 
affected. Our results confirm that major threats, such as deforestation 
and commercial trade, may well act together in some of the identified 
regions (36) and that conservation actions that target both threats 
might be needed. These responses must be particularly targeted within 
Asia and North and South America and, given the geographic pat-
tern of our results, especially in areas that were not identified in pre-
vious analyses.

Our results inform how best to achieve aspects of the UN Sus-
tainable Development Goal targets (e.g., 12.2: Achieve sustainable 
management and efficient use of natural resources; 14.4: “Regulate 
harvesting and end overfishing, illegal, unreported, and unregulated 
fishing; and 15.7: “End poaching and trafficking of protected species 
of flora and fauna”) and other intergovernmental commitments 
such as CITES and Aichi Target 6 of the Strategic Plan for Bio-
diversity 2011–2020. Losing populations and species to overhar-
vesting will compromise ecosystem functioning, food security, and 
human well-being. Investing resources to support the conservation of 

Fig. 2. Species representation in global conservation priority areas under high intensity of unsustainable commercial harvesting. Box-and-whisker plots show 
representation of species threatened by unsustainable harvesting and are grouped by (A) IUCN Red List category and (B) taxonomic group. NT, Near Threatened; VU, 
Vulnerable; EN, Endangered; CE, Critically Endangered. In (B), from left, the images are for amphibians, birds, cartilaginous fishes (sharks and rays), mammals, bony fishes, 
invertebrates, plants, and reptiles. Colors for each taxonomic group match those in fig. S1, where the number of species for each taxonomic group is also reported.
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unsustainably harvested species will decrease risks to human societies 
in the future.

MATERIALS AND METHODS
Figure S1 shows a flowchart of the analysis, which is composed of 
three main steps, namely, preprocessing of data, spatial conservation 
planning, and postprocessing of the outputs of spatial conservation 
planning. We described each step in detail below.

Preprocessing
We based our analysis on a set of 5349 spatial data layers collected 
from different sources and in different formats. This dataset was com-
posed of 5344 range maps, two threat maps, two governance maps, 
and a protected area map. All layers were converted to global grids 
in different resolutions (latitude/longitude coordinate system), with 
cell sizes of 0.1° (equal to 10 km at the equator), 0.2°, 0.5°, and 1°. 
Data preprocessing was done using ArcGIS software v.10.2 (37) and 
the Python programming language v.2.7 (38).

Species range maps
We focused our analysis on species that are listed as Critically Endan-
gered, Endangered, Vulnerable, and Near Threatened in the IUCN 
Red List. Specifically, we selected species that the IUCN have coded 
as threatened by biological resource use (hunting and trapping terres-
trial animals, gathering terrestrial plants, logging and wood harvest-
ing, and fishing and harvesting aquatic resources for intentional use 
and motivation unknown or unrecorded) in 2016 (www.iucnredlist.
org/resources/threat-classification-scheme). We only selected species 
from those species groups on the IUCN Red List that have received 
comprehensive assessment, namely, birds, mammals, amphibians, 
chameleons, sharks and rays, tarpons and ladyfishes, parrotfishes and 

surgeon fishes, groupers, tunas and billfishes, hagfishes, angelfishes, 
blennies, butterfly fishes, picarels, porgies, puffer fishes, sea breams, 
sturgeon, wrasses, reef-building corals, freshwater caridean shrimps, cone 
snails, freshwater crabs, freshwater crayfish, lobsters, cacti, sea grasses, 
and mangroves (16). In addition, we only used species for which 
range maps were available or about to become available from the 
IUCN Red List portal (www.iucnredlist.org/) and from the BirdLife 
International Data Zone webpage (www.birdlife.org/datazone/home). 
This resulted in a total of 4543 species belonging to eight broad taxonomic 
groups (birds, mammals, amphibians, reptiles, cartilaginous fishes, 
bony fishes, invertebrates, and plants) in terrestrial and freshwater 
and marine systems. For birds, we split up the original range maps to 
consider the breeding, nonbreeding, passage, and resident ranges of 
each species. This resulted in a total of 4765 range maps included in 
the analysis in representation of 4543 species. For all species, we ex-
cluded all portions of the ranges where the species were identified as 
extinct, introduced, or of uncertain origin. In addition, we further con-
sidered 579 Data Deficient species, which are coded as threatened 
by unsustainable harvesting in the IUCN Red List, from the same 
range of taxonomic groups. We did this to generate a measure of 
uncertainty for the average range coverage of data sufficient species 
in additional analyses, as we explain below. Hence, Data Deficient 
species were not included in spatial conservation planning. Overall, a 
total of 5344 range maps (4765 for threatened and Near Threatened 
species and 579 for Data Deficient species) were processed.

Threat maps
We used two threat maps in the analysis, one for terrestrial areas 
and one for marine areas. We used a map for market accessibility for 
terrestrial analyses and a layer for fisheries catch for marine analyses. 
No map reporting the spatial distribution of unsustainable harvest-
ing pressure is available at a global resolution (11). Instead, we used 

Fig. 3. Average representation for 4543 species threatened by unsustainable commercial harvesting at each percentage of the seascape and landscape. Curves 
quantify the proportion of the species’ ranges represented at each percentage of the seascape (A) and landscape (B) under different scenarios. “Baseline” curves show 
representation when only species range maps were included in the analysis. “Lower pressure” is for the scenario in which maps of accessibility and fisheries catch were 
additionally included in the analysis as cost layers to implement avoidance of areas with high-threat intensity. “More stable” curves are for analysis in which the Fragile 
State Index was included as a cost layer to implement avoidance of areas where the rule of law is lowest. The red dashed vertical line shows species representation at the 
top 20% ranked areas. Yellow and orange dashed lines show the percentage of landscape and seascape needed to achieve same species representation as in the baseline 
scenario under the lower pressure and more stable scenarios, respectively. Black numbers report the percentage of landscape and seascape needed to achieve such 
representation. Red, yellow, and orange numbers show mean species representation within the top 20% ranking areas under the baseline, lower pressure, and more 
stable scenarios, respectively.
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market accessibility as a proxy for intensity from unsustainable har-
vesting on land. Specifically, we used a global map of market acces-
sibility, where accessibility is defined as the travel time to a location of 
interest using land-based (road/off-road) or water-based (navigable 
river and lake) travel (18). Accessibility was computed using a cost- 
distance algorithm, which computes the “cost” of traveling between 
two locations on a regular raster grid.

To create the marine threat map, we combined five separate com-
mercial fishing catch layers for 2013: demersal destructive, demersal 
nondestructive high bycatch, demersal nondestructive low bycatch, 
pelagic high bycatch, and pelagic low bycatch (22). Methods and 
data sources were explained by Halpern et al. (22, 23), and original 
data can be downloaded from https://knb.ecoinformatics.org/#view/
doi:10.5063/F1S180FS. Following Halpern et al. (22), we log[X+1]- 
transformed each layer. By doing so, the effect of extreme outliers 
when rescaling the data was reduced. Each layer was then rescaled 
between 0 and 1 to ensure comparability across layers with different 
units of measurement (22). The layers were then combined by tak-
ing the mean value for each pixel in ArcMap 10.2 (37).

Both threat maps were classified into low, medium, and high in-
tensity by using tertiles in R (tertiles are the two points that divide 
an ordered distribution into three parts, each containing a third of 
the population) (39). In this case, splitting the two layers into three 
categories, each using tertiles, allowed us to simplify the interpreta-
tion and visual presentation of results.

Governance maps
We used two separate governance maps in the analysis: one for ter-
restrial areas and one for marine areas. For the terrestrial analysis, 
the governance map was created by assigning the 2016 Fragile State 
Index value to each spatial pixel of the country, as mapped by the 
Database of Global Administrative Areas (www.gadm.org/). The Fragile 
State Index (http://fundforpeace.org/fsi/) aims to assess the vulner-
ability of a country to conflict or collapse. It ranks all sovereign states 
with UN membership on a continuous scale from sustainable (more 
stable) to alert countries (least stable). Specifically, the index is based on 
12 indicators of state vulnerability, grouped by three categories: social 
(four indicators), economic (two indicators), and political (six indicators). 
The Fragile State Index represents an aggregate measure summarizing 
various aspects of governance, therefore offering a more realistic mea-
sure of the capacity of countries to implement the rule of law.

For the marine prioritization, we created the governance map by 
merging the Exclusive Economic Zones of each country and a layer 
with the regional fishing bodies’ boundaries in high seas, that is, the 
waters beyond national jurisdiction. In the resulting layer, each Ex-
clusive Economic Zone pixel reported the Fragile State Index value 
of the country the Exclusive Economic Zone belonged to. For high 
seas, instead, we used the average Fragile State Index value across the 
contracting countries of each regional fishing body (www.fao.org/
fishery/rfb/en). Our approach might be considered optimistic, as many 
of the high seas are, in reality, hotspots of illegal fishing (8). Exclu-
sive Economic Zone boundaries were downloaded from the Marine 
Regions data portal (www.marineregions.org/downloads.php), while 
the regional fishing bodies’ boundaries were obtained from the World 
Food Program data portal (www.fao.org/geonetwork/srv/en/metadata.
show?id=31675). A few countries (Taiwan, the Palestinian territories, 
Kosovo, and Western Sahara) were not yet ranked by the Fragile State 
Index. In the absence of data, they were therefore assigned an aver-
age value across all countries ranked by the index.

Protected areas
The data on protected areas were based on the May 2016 release of 
the World Database on Protected Areas (retrieved from www.
protectedplanet.net and produced by the UN Environment World 
Conservation Monitoring Centre) (40). We only selected areas be-
longing to IUCN protected area categories I to VI and having status 
as “designated,” “inscribed,” “established,” or “adopted” (all mean-
ing that the protected area is designated). Areas marked as “Proposed” 
were removed, as well as all protected areas lacking polygonal 
representation. To prevent overestimation of the areal coverage of 
protected areas caused by overlapping designations, we merged 
polygons into a single layer.

Spatial conservation planning
Priority maps showing the grid cells with the highest complements of 
species were generated by iteratively ranking of grid cells from lowest 
to highest priority for conservation. Together with ranking maps, we 
produced performance curves that describe the extent to which each 
species is retained in any given high- or low-priority fraction of the 
landscape and seascape. We implemented complementarity-based, 
balanced, priority ranking with the Zonation software for spatial con-
servation planning (13, 14), which produces the ranking maps and per-
formance curves as main outputs. Specifically, we used the Zonation 
software v.4 (13, 14).

Zonation produces a ranking that is balanced in the sense that, 
irrespective of landscape fraction chosen, the areas are complementary 
and jointly achieve a well-balanced representation across all species. 
We used the additive benefit function analysis variant of Zonation 
(13, 14), which can be interpreted as minimization of aggregate 
extinction rates via feature-specific species-area curves. This method 
can produce a high return on investment in terms of average coverage 
of species per grid cell and does not require targets or thresholds that 
are necessarily arbitrary to a degree (41). Species were weighted ac-
cording to their IUCN Red List category of extinction risk, with highest 
weights assigned to Critically Endangered species (Near Threatened: 
2, Vulnerable: 4, Endangered: 6, and Critically Endangered: 8) (26, 42). 
This weighting scheme induces a relatively higher coverage of more 
threatened species, while the prioritization method maintains an over-
all balanced representation across different species and groups of 
species (26, 42).

We carried out two separate assessments, one for terrestrial and 
freshwater species only and one for marine species only. For each 
assessment, we developed three different prioritization setups: (i) 
Baseline, based on species range maps only to understand where the 
unconstrained priorities for the conservation of the species threat-
ened by unsustainable harvesting are; (ii) lower pressure, based on 
species range maps and the threat maps, mentioned above, included 
as cost layers; and (iii) more stable, based on species range maps and 
the governance maps, mentioned above, included as a cost layers. In 
the second and third prioritizations, threat maps and the governance 
maps were negatively weighted, and the aggregate weight of each layer 
was equal to the aggregate weight of all species together. We did so to 
produce a spatial priority ranking that reduced the overlap between 
priority regions for the species and regions either under high human 
pressure (lower pressure) or with lower rule of law (more stable).

For the baseline prioritization, we carried out four analyses at dif-
ferent spatial resolutions (0.1°, 0.2°, 0.5°, and 1°) to assess the sensi-
tivity of our results to different spatial resolutions. We analyzed the 
overlap of the different resolution rankings by comparing 20% priority 
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areas identified by different analyses using the Jaccard similarity in-
dex. Specifically, the coarser-resolution priority ranking maps were 
compared with upscaled versions of the reference priority ranking 
maps (0.1°), generated by calculating the median values of the blocks 
of cells. We also carried out separate assessments for each taxonomic 
group included in the analysis and for each type of threat (hunting 
and collecting terrestrial animals, gathering terrestrial plants, logging 
and wood harvesting, and fishing and harvesting aquatic resources).

For each setup, we produced performance curves for all species. 
In addition, we further included 579 Data Deficient species, which are 
coded as threatened by unsustainable harvesting in the IUCN Red 
List, to generate a measure of uncertainty for the average range cov-
erage of data sufficient species by assuming that unsustainably har-
vested Data Deficient species are threatened in the same proportion as 
are unsustainably harvested threatened and Near Threatened Data 
Sufficient species. We sampled this proportion at random 1000 times 
from among unsustainably threatened Data Deficient species to gen-
erate confidence intervals for the curves in R (39).

Postprocessing and gap analysis
Results were compared statistically and spatially. First, we identified 
the areas under highest harvesting intensity on land and at sea, as 
the areas of overlap between the 20% priority regions holding the 
greatest complements of species and the grid cells within the 33% 
upper quantile of the threat maps in ArcMap (37). Last, we used the 
areas under highest harvesting intensity, as well as medium and low 
intensity, as hierarchical masks in Zonation to evaluate what percentage 
of species ranges is represented in those areas. We did so to assess 
species representation for each taxonomic group and IUCN Red List 
category. We visualized these results by using parallel boxplots to dis-
play the median, quartiles, and minimum and maximum of original 
total range remaining.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaau2879/DC1
Fig. S1. Flowchart of the analysis.
Fig. S2. Pie chart showing the number of species per taxonomic group included in the analysis.
Fig. S3. Percentage of each continent and sea in global conservation priority areas under high 
intensity of unsustainable commercial harvesting.
Fig. S4. Global conservation priority areas (for taxonomic groups) under high intensity of 
unsustainable commercial harvesting.
Fig. S5. Vulnerability of global priority areas for the conservation of species threatened by each 
type of unsustainable harvesting.
Fig. S6. Robustness of identified global priority areas for the conservation of species 
threatened by unsustainable commercial harvesting to spatial resolutions.
Fig. S7. Histogram of range sizes of species included in the analysis, with a bin size of 
10,000 km2.
Fig. S8. Protected areas found in global conservation priority areas under high intensity of 
unsustainable commercial harvesting.
Table S1. Percentage area overlap between global priority areas for the conservation of 
species threatened by each type of unsustainable harvesting.
Table S2. Species representation in global conservation priority areas under low, medium, and 
high intensity of unsustainable commercial harvesting.

REFERENCES AND NOTES
 1. J. M. Diamond, in Conservation for the Twenty-First Century, D. Western, M. C. Pearl, Eds. 

(Oxford Univ. Press, 1989), pp. 37–41.
 2. IUCN, The IUCN Red List of Threatened Species (IUCN, 2016).
 3. S. L. Maxwell, R. A. Fuller, T. M. Brooks, J. E. M. Watson, Biodiversity: The ravages of guns, 

nets and bulldozers. Nature 536, 143–145 (2016).
 4. E. Di Minin, J. Laitila, F. Montesino-Pouzols, N. Leader-Williams, R. Slotow, P. S. Goodman, 

A. J. Conway, A. Moilanen, Identification of policies for a sustainable legal trade in 

rhinoceros horn based on population projection and socioeconomic models.  
Conserv. Biol. 29, 545–555 (2015).

 5. G. Wittemyer, J. M. Northrup, J. Blanc, I. Douglas-Hamilton, P. Omondi, K. P. Burnham, 
Illegal killing for ivory drives global decline in African elephants. Proc. Natl. Acad. Sci. 111, 
13117–13121 (2014).

 6. UNODC, World Wildlife Crime Report: Trafficking in Protected Species (UNODC, 2016).
 7. FAO, The State of World Fisheries and Aquaculture (FAO, 2016).
 8. D. Pauly, D. Zeller, Catch reconstructions reveal that global marine fisheries catches are 

higher than reported and declining. Nat. Commun. 7, 10244 (2016).
 9. H. C. J. Godfray, J. R. Beddington, I. R. Crute, L. Haddad, D. Lawrence, J. F. Muir, J. Pretty, 

S. Robinson, S. M. Thomas, C. Toulmin, Food security: The challenge of feeding 9 billion 
people. Science 327, 812–818 (2010).

 10. H. M. Pereira, L. M. Navarro, I. Santos Martins, Global biodiversity change: The bad, the 
good, and the unknown. Annu. Rev. Environ. Resour. 37, 25–50 (2012).

 11. L. N. Joppa, B. O’Connor, P. Visconti, C. Smith, J. Geldmann, M. Hoffmann, J. E. M. Watson, 
S. H. M. Butchart, M. Virah-Sawmy, B. S. Halpern, S. E. Ahmed, A. Balmford, 
W. J. Sutherland, M. Harfoot, C. Hilton-Taylor, W. Foden, E. Di Minin, S. Pagad, P. Genovesi, 
J. Hutton, N. D. Burgess, Filling in biodiversity threat gaps. Science 352, 416–418 (2016).

 12. T. M. Brooks, R. A. Mittermeier, G. A. da Fonseca, J. Gerlach, M. Hoffmann, J. F. Lamoreux, 
C. G. Mittermeier, J. D. Pilgrim, A. S. Rodrigues, Global biodiversity conservation priorities. 
Science 313, 58–61 (2006).

 13. E. Di Minin, V. Veach, J. Lehtomäki, F. Montesino-Pouzols, A. Moilanen, A Quick 
Introduction to Zonation (University of Helsinki, 2014).

 14. A. Moilanen, F. M. Pouzols, L. Meller, V. Veach, A. Arponen, J. Leppänen, H. Kujala, 
Zonation—Spatial Conservation Planning Methods and Software v.4 (University of Helsinki, 
2014).

 15. P. Durán y Lalaguna, C. M. Díaz Barrado, C. Fernández Liesa, International Society and 
Sustainable Development Goals (Thomson Reuters Aranzadi, 2016).

 16. T. M. Brooks, R. Akçakaya, N. D. Burgess, S. H. Butchart, C. Hilton-Taylor, M. Hoffmann, 
D. Juffe-Bignoli, N. Kingston, B. MacSharry, M. Parr, L. Perianin, E. C. Regan, 
A. S. Rodrigues, C. Rondinini, Y. Shennan-Farpon, B. E. Young, Analysing biodiversity and 
conservation knowledge products to support regional environmental assessments.  
Sci. Data. 3, 160007 (2016).

 17. N. Salafsky, D. Salzer, A. J. Stattersfield, C. Hilton-Taylor, R. Neugarten, S. H. Butchart, 
B. Collen, N. Cox, L. L. Master, S. O’Connor, D. Wilkie, A standard lexicon for biodiversity 
conservation: Unified classifications of threats and actions. Conserv. Biol. 22,  
897–911 (2008).

 18. A. Nelson, Travel Time to Major Cities: A Global Map of Accessibility (JRC, 2008).
 19. A. Benítez-López, R. Alkemade, A. M. Schipper, D. J. Ingram, P. A. Verweij, 

J. A. J. Eikelboom, M. A. J. Huijbregts, The impact of hunting on tropical mammal and bird 
populations. Science 356, 180–183 (2017).

 20. W. F. Laurance, M. Goosem, S. G. W. Laurance, Impacts of roads and linear clearings on 
tropical forests. Trends Ecol. Evol. 24, 659–669 (2009).

 21. J. S. Brashares, C. D. Golden, K. Z. Weinbaum, C. B. Barrett, G. V. Okello, Economic and 
geographic drivers of wildlife consumption in rural Africa. Proc. Natl. Acad. Sci. U.S.A. 108, 
13931–13936 (2011).

 22. B. S. Halpern, M. Frazier, J. Potapenko, K. S. Casey, K. Koenig, C. Longo, J. S. Lowndes, 
R. C. Rockwood, E. R. Selig, K. A. Selkoe, S. Walbridge, Spatial and temporal changes in 
cumulative human impacts on the world’s ocean. Nat. Commun. 6, 7615 (2015).

 23. B. S. Halpern, S. Walbridge, K. A. Selkoe, C. V. Kappel, F. Micheli, C. D’Agrosa, J. F. Bruno, 
K. S. Casey, C. Ebert, H. E. Fox, R. Fujita, D. Heinemann, H. S. Lenihan, E. M. Madin, 
M. T. Perry, E. R. Selig, M. Spalding, R. Steneck, R. Watson, A global map of human impact 
on marine ecosystems. Science 319, 948–952 (2008).

 24. R. A. Mittermeier, W. R. Turner, F. W. Larsen, T. M. Brooks, C. Gascone, Global biodiversity 
conservation: The critical role of hotspots, in Biodiversity Hotspots: Distribution and 
Protection of Conservation Priority Areas, F. E. Zachos, J. C. Habel, Eds. (Springer-Verlang 
Berlin, 2011), pp. 3–22.

 25. C. N. Jenkins, K. S. Van Houtan, Global and regional priorities for marine biodiversity 
protection. Biol. Conserv. 204, 333–339 (2016).

 26. F. M. Pouzols, T. Toivonen, E. Di Minin, A. S. Kukkala, P. Kullberg, J. Kuusterä, J. Lehtomäki, 
H. Tenkanen, P. H. Verburg, A. Moilanen, Global protected area expansion is 
compromised by projected land-use and parochialism. Nature 516, 383–386 (2014).

 27. O. Venter, R. A. Fuller, D. B. Segan, J. Carwardine, T. Brooks, S. H. M. Butchart, M. di Marco, 
T. Iwamura, L. Joseph, D. O’Grady, H. P. Possingham, C. Rondinini, R. J. Smith, M. Venter, 
J. E. M. Watson, Targeting global protected area expansion for imperiled biodiversity. 
PLOS Biol. 12, e1001891 (2014).

 28. D. Pauly, D. Belhabib, R. Blomeyer, W. W. W. L. Cheung, A. M. Cisneros-Montemayor, 
D. Copeland, S. Harper, V. W. Y. Lam, Y. Mai, F. le Manach, H. Österblom, K. M. Mok, 
L. van der Meer, A. Sanz, S. Shon, U. R. Sumaila, W. Swartz, R. Watson, Y. Zhai, D. Zeller, 
China’s distant-water fisheries in the 21st century. Fish Fish. 15, 474–488 (2014).

 29. R. T. Corlett, The impact of hunting on the mammalian fauna of tropical Asian forests. 
Biotropica 39, 292–303 (2007).

 on O
ctober 25, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/cgi/content/full/5/4/eaau2879/DC1
http://advances.sciencemag.org/cgi/content/full/5/4/eaau2879/DC1
http://advances.sciencemag.org/


Di Minin et al., Sci. Adv. 2019; 5 : eaau2879     3 April 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 7

 30. R. D. Harrison, R. Sreekar, J. F. Brodie, S. Brook, M. Luskin, H. O'Kelly, M. Rao, B. Scheffers, 
N. Velho, Impacts of hunting on tropical forests in Southeast Asia. Conserv. Biol. 30, 
972–981 (2016).

 31. P. Guidetti, P. Baiata, E. Ballesteros, A. di Franco, B. Hereu, E. Macpherson, F. Micheli, 
A. Pais, P. Panzalis, A. A. Rosenberg, M. Zabala, E. Sala, Large-scale assessment of 
mediterranean marine protected areas effects on fish assemblages. PLOS ONE 9,  
e91841 (2014).

 32. J. W. Duckworth, G. Batters, J. L. Belant, E. L. Bennett, J. Brunner, J. Burton, 
D. W. S. Challender, V. Cowling, N. Duplaix, J. D. Harris, S. Hedges, B. Long,  
S. P. Mahood, P. J. K. McGowan, W. J. McShea, W. L. R. Oliver, S. Perkin,  
B. M. Rawson, C. R. Shepherd, S. N. Stuart, B. K. Talukdar, P. P. van Dijk, J.-C. Vié, 
J. L. Walston, T. Whitten, R. Wirth, Why South-East Asia should be the world’s  
priority for averting imminent species extinctions, and a call to join a developing 
cross-institutional programme to tackle this urgent issue. Sapiens 5, 76–95 (2012).

 33. E. Di Minin, T. Toivonen, Global protected area expansion: Creating more than paper 
parks. Bioscience 65, 637–638 (2015).

 34. A. Olmedo, V. Sharif, E. J. Milner-Gulland, Evaluating the design of behaviour change 
interventions: A case study of rhino horn in Vietnam. Conserv. Lett. 11, e12365 (2018).

 35. E. Di Minin, N. Leader-Williams, C. J. A. Bradshaw, Banning trophy hunting will exacerbate 
biodiversity loss. Trends Ecol. Evol. 31, 99–102 (2016).

 36. W. S. Symes, D. P. Edwards, J. Miettinen, F. E. Rheindt, L. R. Carrasco, Combined impacts of 
deforestation and wildlife trade on tropical biodiversity are severely underestimated. 
Nat. Commun. 9, 4052 (2018).

 37. ESRI, ArcGIS Desktop (ESRI, 2016).
 38. Python Software Foundation, Python Language Reference (2016); www.python.org.
 39. R Core Team, R: A language and environment for statistical computing (R Foundation for 

Statistical Computing, 2017); www.r-project.org/.
 40. World database on Protected Areas User Manual (UNEP-WCMC, 2016).

 41. E. Di Minin, A. Moilanen, Empirical evidence for reduced protection levels across 
biodiversity features from target-based conservation planning. Biol. Conserv. 153, 
187–191 (2012).

 42. E. Di Minin, R. Slotow, L. T. B. Hunter, F. M. Pouzols, T. Toivonen, P. H. Verburg, 
N. Leader-Williams, L. Petracca, A. Moilanen, Global priorities for national carnivore 
conservation under land use change. Sci. Rep. 6, 23814 (2016).

Acknowledgments 
Funding: E.D.M. thanks the Academy of Finland 2016–2019 (grant no. 296524) for support. 
V.H. thanks the Kone Foundation for grant to T.T. A.M. thanks the Finnish Ministry of 
Environment. We would also like to thank the CSC-IT Center for Science Ltd. for its support and 
high-performance computing services. Author contributions: E.D.M., T.M.B., T.T., S.H.M.B., 
and A.M. conceived the study, designed the analyses, and led the writing of the manuscript. 
E.D.M., T.T., and V.H. compiled the datasets, carried out data preprocessing, analyzed the data, 
and prepared figures and tables. All authors helped in the drafting of and contributed 
substantially in revising the manuscript. Competing interests: The authors declare that they 
have no competing interests. Data and materials availability: All data needed to evaluate 
the conclusions in the paper are present in the paper and/or the Supplementary Materials. 
Additional data related to this paper may be requested from the authors.

Submitted 25 May 2018
Accepted 13 February 2019
Published 3 April 2019
10.1126/sciadv.aau2879

Citation: E. Di Minin, T. M. Brooks, T. Toivonen, S. H. M. Butchart, V. Heikinheimo, J. E. M. Watson, 
N. D. Burgess, D. W. S. Challender, B. Goettsch, R. Jenkins, A. Moilanen, Identifying global centers 
of unsustainable commercial harvesting of species. Sci. Adv. 5, eaau2879 (2019).

 on O
ctober 25, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://www.python.org
http://www.r-project.org/
http://advances.sciencemag.org/


Identifying global centers of unsustainable commercial harvesting of species

Burgess, Daniel W. S. Challender, Bárbara Goettsch, Richard Jenkins and Atte Moilanen
Enrico Di Minin, Thomas M. Brooks, Tuuli Toivonen, Stuart H. M. Butchart, Vuokko Heikinheimo, James E. M. Watson, Neil D.

DOI: 10.1126/sciadv.aau2879
 (4), eaau2879.5Sci Adv 

ARTICLE TOOLS http://advances.sciencemag.org/content/5/4/eaau2879

MATERIALS
SUPPLEMENTARY http://advances.sciencemag.org/content/suppl/2019/04/01/5.4.eaau2879.DC1

REFERENCES

http://advances.sciencemag.org/content/5/4/eaau2879#BIBL
This article cites 28 articles, 7 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.Science AdvancesYork Avenue NW, Washington, DC 20005. The title 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 

License 4.0 (CC BY-NC).
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial 
Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

 on O
ctober 25, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/content/5/4/eaau2879
http://advances.sciencemag.org/content/suppl/2019/04/01/5.4.eaau2879.DC1
http://advances.sciencemag.org/content/5/4/eaau2879#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

